ABSTRACT The mammalian yolk sac is known to play a prominent role in emergence of the hematopoietic system. The extent of this contribution has been a subject of debate in recent years largely due to effects of the early circulation that obscures the site of origin of hematopoietic stem and progenitor cells. This review discusses the limitations of some of the standard assays currently employed to study hematopoietic stem and progenitor cell emergence and highlights several recently reported novel methods that address this problem from new perspectives. Two methods directly alter the circulation by either preventing it from occurring in the first place or by removing vascular connections between the embryo and the yolk sac. Other approaches have altered the ability of hematopoietic cells to interact with their environment, resulting in the lack of migration or an inability to bind to potential hematopoietic niches. A third set of experiments utilize lineage tracing techniques to follow the migration of early progenitors once they enter the circulation. Taken together, these novel methods provide new evidence for the contribution of yolk sac hematopoietic stem and progenitor cells to the adult hematopoietic system.
Introduction
The therapeutic administration of hematopoietic stem and progenitor cells to treat human subjects with blood disorders is based largely on the translation of studies conducted in murine models and attests to the validity of the current model of the origin, development, and function of the hematopoietic system in the mouse. Assays have been developed that allow investigators to culture and differentiate cells from the most primitive hematopoietic stem cells through a hierarchy of progenitor cell intermediates and ultimately to fully differentiated progeny. Our understanding of the embryonic development of the hematopoietic system has also been steadily advancing, but the scientific community has yet to reach full consensus on several issues regarding the temporal and spatial emergence of hematopoietic precursor cells. One of the greatest impediments to the resolution of these issues is the impact of the onset of the fetal circulation in confounding the identification of the sites of origin of the various cells. This review focuses on a variety of novel experimental models that are shedding new light on the development of hematopoietic stem and progenitor cells by addressing the confounding variable of the circulating blood cells in several innovative ways.
Historical aspects of stem cell transplantation
Early studies of hematopoietic cells revealed that when whole blood was taken from a subject, labeled, and re-infused, the labeled cells remained in the circulation for a limited period of time (Zon, 2001 ). This study revealed that the production of blood must be maintained throughout the life of the animal. In 1961, Till and McCulloch demonstrated that the intravenous injection of bone marrow cells into irradiated mice resulted in the formation of large hematopoietic colonies on the surface of the spleen. These colonies were determined to be the clonal product a single cell referred to as a colony forming unit-spleen (CFU-S) (Till and Mc, 1961) . Cells from within the colonies could be successfully transplanted into subsequent recipients demonstrating that the CFU-S could not only differentiate, but could also self-renew. The realization that single cells in adult animals harbored this ability led to the theory that there lived within the marrow a population of hematopoietic stem cells that could self-renew as well as generate all lineages of hematopoietic cells of progressive degrees of maturation (Curry and Trentin, 1967) .
More recent studies using cell fractionation and marrow transplantation techniques have identified a more detailed hierarchy of the hematopoietic system (Cumano et al., 1996; Cumano and Godin, 2007; Dzierzak and Speck, 2008; Ferkowicz et al., 2003; McGrath and Palis, 2005b; Medvinsky et al., 1993; Palis et al., 1999) . While the bone marrow was known to contain cells capable of the long-term engraftment of an irradiated adult recipient, the CFU-S was shown to display more short-term repopulating ability (Hodgson and Bradley, 1979; Szilvassy and Cory, 1993) . The long-term multilineage repopulating HSCs have been defined by two essential properties; the clonal ability to self renew and to yield the entire hematopoietic lineage tree upon transplantation into an adult recipient (Viatour et al., 2008) . The earliest site of emergence of HSC that engraft adult myeloablated recipient mice is located within the embryo proper in a region called the AortaGonad-Mesonephros (AGM) at E10.5 of development. The origin of the HSCs in this site appears to reside, at least in part, in the endothelium lining the ventral wall of the aorta (Bertrand et al., 2010; Chen et al., 2009a; Dzierzak and Speck, 2008; Muller et al., 1994) . The specific mechanisms that permit endothelial cells to give rise to HSCs remains elusive, though the transcription factor Runx1 appears to be required for the transition of a endothelial cell into a hematopoietic cell (Chen et al., 2009a; Kissa and Herbomel, 2010) .
The dogma that HSCs are defined by their potential to engraft and repopulate all blood lineages in a myeloablated adult recipient was challenged when cells from the developing murine yolk sac were transplanted into neonatal mice and multilineage reconstitution of the hematopoietic system into adulthood was demonstrated (Yoder et al., 1997) . Not only were the neonatal mice successfully engrafted by E9.0 yolk sac and embryo proper cells, but secondary transplants using the marrow of primary engrafted mice revealed that the donor cells displayed all of the functional criteria of HSCs. These E9.0 yolk sac and embryo proper cells failed to give rise to any detectable progeny when directly infused into adult lethally ablated hosts, thus highlighting differences in the neonatal and adult hosts. In the neonatal transplant experiment, the long-term repopulating HSCs from the yolk sac and embryo proper presumably required exposure to the neonatal liver environment in order to facilitate subsequent bone marrow engraftment. Recent studies have indicated a significant change in the cycling behavior of HSC over the first two weeks of life as HSC activity becomes predominant in the bone marrow microenvironment rather than the neonatal liver Bowie et al., 2006; Dykstra et al., 2007; Sieburg et al., 2006) . At present, little progress has been made in defining the specific molecular mechanisms that are involved in mediating the apparent movement of HSCs from one site to the next during murine development and the relationship between the HSCs that engraft newborn mice versus those that engraft in adult hosts remains under investigation (Dzierzak and Speck, 2008) .
Stromal cell co-culture
In the late 1970's, Michael Dexter and his colleagues reported the ability to maintain hematopoietic stem cells in vitro for long periods of time by culturing them on a bone marrow stromal layer (Dexter et al., 1977) . The now commonplace 'Dexter Culture' opened the door for the study of hematopoiesis ex vivo allowing multiple variables to be controlled at once. Cells could be exposed to a myriad of growth factors, culture media, and even different stromal cell lines. Thus, stromal cell and hematopoietic co-culture offers a great degree of control over experimental conditions and has led to tremendous insight into the nature of hematopoietic cell interactions with other cells within the local microenvironment. Numerous investigators have isolated and demonstrated important roles of various stromal cells (AGM, fetal liver, and bone marrow) in the process of supporting hematopoietic cell emergence from embryonic tissues (Dzierzak and Speck, 2008; Kodama et al., 1994; Matsuoka et al., 2001; Moore et al., 1997) . Other investigators have developed tissue explant models that permit emergence of hematopoietic cells from the ex vivo cultured tissues, with or without the presence of other stromal cells or growth factors (Baron, 2003; Medvinsky et al., 2008; Zeigler et al., 2006) .
While explant culture is superb for revealing the potential of cells from specific tissues to differentiate into various cell types, it does not necessarily equate to the natural developmental environment since the results are entirely dependent on the starting cell types and the culture environmental conditions. Nonetheless, this approach has permitted scientists to examine pre-circulation embryonic tissues for evidence of hematopoietic potential including HSCs (Cumano and Godin, 2007) .
Systemic blood flow obscures the site of hematopoietic cell emergence
One of the basic impediments to the study of the in situ emergence of hematopoietic progenitors in vivo is the simple fact that they develop within the vascular lumen and are circulating as soon as the systemic circulation is functional. The first primitive erythroid progenitors develop in the blood islands of the murine yolk sac at day 7.5 of development prior to the onset of circulation (Okuda et al., 1996; Wong et al., 1986) . At day 8.25 of development (4-6 somite pairs (sp)) the murine heart begins to beat and initiates the first pulses of blood flow which inexorably drives the awaiting primitive erythroblasts into the embryo proper via the vitelline circulation (Bertrand et al., 2005; Ji et al., 2003; Jones et al., 2004; McGrath et al., 2003) .
The emergence of committed definitive hematopoietic progenitor cells is coincident with the first heart beat at E8.25 heralding the onset of the second wave of hematopoiesis (Palis et al., 2001) . Definitive hematopoietic progenitors are detected by colony forming assay first in the yolk sac and shortly thereafter in the embryo proper (Palis et al., 1999) . It has been hypothesized that these yolk sac-derived hematopoietic progenitors enter the embryo proper at the onset of circulation and seed the liver at the 28-32sp stage (Houssaint, 1981; Johnson and Moore, 1975) . Regardless of their origin, once in the liver, definitive hematopoietic progenitors are stimulated to differentiate and give rise to the first definitive erythrocytes as well as myeloid cell types including mast cells, granulocytes and macrophages that leave the fetal liver and begin to circulate at E12-13 (Brotherton et al., 1979; McGrath and Palis, 2005a; Steiner and Vogel, 1973) .
These events (definitive hematopoietic progenitor emergence in the YS, onset of cardiac contractions, and definitive hematopoi-etic progenitor detection in the embryo proper) occur in an extremely narrow window of developmental time. The circulation functionally connects the previously isolated vasculature beds of the embryo proper and the extra-embryonic yolk sac (via the vitelline vasculature) and the placenta (via the umbilical vasculature). This results in a fundamental problem when attempting to determine the origin of definitive hematopoietic progenitors during this time period as any vascular structure analyzed in vivo past 4-6sp is potentially contaminated with cells from other sites. Thus, to define the sites of origin of the hematopoietic stem and progenitor cells, one must develop approaches that circumvent the onset of blood cell redistribution via the circulation.
Approaches that directly alter the onset or extent of blood circulation
Two novel model systems have recently been utilized to address the problem of the onset of circulation confounding the study of hematopoietic cell emergence by directly altering blood flow. The first method involves the use of the VE-cadherin -/-embryo lacking proper development of vasculature structures (Rampon and Huber, 2003) . Embryos lacking expression of VEcadherin exhibit defective vascular branching in extraembryonic structures by the onset of circulation (Gory-Faure et al., 1999) . While the heart does beat in these embryos, the lack of interconnection between the embryo and the yolk sac via the vitelloembryonic stalk prevents the mixture of cells. The number of primitive erythrocytes present in the VE-cadherin -/-YS was not significantly different from wildtype. Furthermore, the presence of multipotent hematopoietic progenitors in the YS in the absence of contribution of cells from the embryo proper suggested that the YS was their site of origin. These results were validated by lineage specific gene expression analysis. There was no evidence of lymphoid potential through day 10.5 in this model system (Rampon and Huber, 2003) .
The VE-cadherin knockout model addressed the problem of the circulation by disrupting the vascular connection of the yolk sac to the embryo proper. An alternative approach is to leave the vascular network intact, but rather block the initiation of the fetal heartbeat. NCX1 is a sodium calcium exchanger initially expressed exclusively in the fetal heart that facilitates cardiac muscle fiber contraction. When the Ncx1 gene was disrupted by targeted gene knockout, the resultant phenotype of homozygous mutant offspring was found to be unchanged until day 8.25 at which time the heart failed to commence beating, a phenotype which is ultimately fatal (Koushik et al., 2001 ). As Ncx1 is not expressed in cells thought to contribute to hematopoietic development, the mutant phenotype should only effect cellular distribution via the circulation (Fig. 1) . At day 9.5, Ncx1 -/-embryos had an intact vascular system both intra-and extra-embryonically ]. Staining of the mutant embryo demonstrated that the primitive erythrocytes remained in their known site of developmental origin, the yolk sac. In contrast to day 9 wild type embryos that had vessels full of primitive erythrocytes, cross sections of the B C D A Fig. 1 . The Ncx1 null mutant mouse embryo provides an in vivo circulation-free environment for study of blood cell emergence. Ncx1 mutants were generated via insertion of LacZ reporter into exon 2 of the Ncx1 gene, thus all cells that normally express Ncx1 can be labeled with X-gal staining. (A) E9.5 embryos (WT(i), Ncx1 + / -(ii), and Ncx1 -/ -(iii)) demonstrate that development continues well past the onset of circulation. (B) X-gal staining (~27 sp) reveals that expression of Ncx1 is restricted to the heart through E10. Importantly, there is no expression in any putative site of hematopoietic development including the YS and PSp region nor in the hematopoietic cells themselves (see blood vessels in Ncx1 + / -YS). (C) Ncx1 RT-PCR was conducted on embryonic tissues from various ages to confirm the X-gal staining. At E8.0, Ncx1 is not yet detectable in either the embryo proper or YS. At E9.0 and E11.5, Ncx1 is detected exclusively in the heart cardiomyocytes. (D) Ten-micrometer sagittal sections of hematoxylin and eosin (H&E) stained E9.25 (19 sp) embryos. Panels Di,iii are 100x magnifications of sections that best profile the structure of the PSp region (*), which is clearly present in both WT and Ncx1 -/ -embryos. Image Di was cut at an oblique angle compared with image Diii, leaving only a small portion of the heart and upper body in view. Image Dv is an insert that transects the hypoplastic Ncx1 -/ -heart. Images Dii,iv are 200x magnifications of the PSp (*) regions. Endothelial cells can be seen lining the vessels (below yellow line) and circulating blood cells (arrows) are seen in the WT embryo but are notably absent in the Ncx1 -/ -embryo. The images in panelsAand B were viewed on a Leica MZ9. day 9.25 mutant embryo proper revealed an intact vasculature devoid of luminal blood cells (Fig.  1) . Plating of cells in blood colony forming assays revealed the presence of both primitive and definitive progenitor lineages in the yolk sac of the NCX1 mutant, but interestingly, both were nearly absent in the embryo proper. The total number of hematopoietic progenitors in the conceptus was not significantly altered suggesting that cells that would typically be distributed to the embryo proper by the circulation remained in the yolk sac. Taken together, these results support a model in which both the mammalian primitive as well as the definitive hematopoietic progenitor cells originate entirely in extraemhematopoietic microenvironments including those in the bone marrow (Cancelas et al., 2005) . Ghiaur, et al., utilized a triple transgenic model system (Vav1Cre, Rac1 null , and Rac1 flox ) to delete Rac1 in hematopoietic stem and progenitor cells. While the lack of Rac1 expression results in embryonic lethality attributed to a failed initiation of fetal liver hematopoiesis, this does not occur until after day 11.5 ( Fig. 2) . At day 10.5, all embryonic structures in Rac1 null embryos demonstrated a decreased number of colony forming units. The only tissue in which progenitor potential was not diminished was the extra-embryonic yolk sac. An analysis of the cellular migration of definitive HPCs suggested a mechanism for these findings; in the absence of RAC1 signaling, hematopoietic progenitors are unable to migrate to and seed embryonic hematopoietic niches. The α integrin GPIIb, a marker of hematopoietic progenitors, is the focus of another set of experiments that are helping define cellular interactions of hematopoietic progenitors with their environment (Emambokus and Frampton, 2003) . Like the RAC1 studies, the effect of knocking out GPIIb on hematopoiesis yielded interesting results. The authors demonstrated that in the absence of GPIIb, the integrin receptors for fibronectin, VLA-4 and VLA-5, display a decreased ability to bind their target ligand. Rather than an inhibition of migration, as seen with the RAC1 studies, altering the location of progenitors, the lack of GPIIb decreased the ability of progenitors to bind fibronectin in hematopoietic niches. The result was an increase in the number of progenitors in the yolk sac, fetal liver and bone marrow. Thus, GPIIb appeared to play a role in the inhibition of progenitor proliferation possibly through contact inhibition within the niche. The authors also used a Cre-loxP model to track the fates of GPIIb expressing early hematopoietic progenitors into adulthood. While their marking system successfully labeled the majority of fetal liver hematopoietic progenitors, the marked blood cell population was diminished by birth and nearly absent in the adult bone marrow compartment suggesting that GPIIb expression fails to mark the developmental precursor for adult hematopoiesis.
The genetic modifications made in each of these examples bryonic tissues and it is this population of myeloerythroid progenitor cells that first seed the fetal liver. These two model systems are not completely natural. As hematopoietic elements are thought to arise from putative hemangioblast precursors, disruption of VE-cadherin signaling could have a direct effect on these elements and affect studies of hematopoiesis (Huber et al., 2004; Ueno and Weissman, 2006) . Removing the influence of blood flow is also not without consequence. It has been shown that the sheer stresses caused by the flow of blood through the developing vessels plays a critical role in blood vessel specification via signaling pathways including the induction of Kruppel-like factor (KLF)2 (SenBanerjee et al., 2004) and that hemodynamic force is necessary and sufficient to induce vessel remodeling in the yolk sac (Lucitti et al., 2007) . This effect could be clearly observed in the Ncx1 -/-yolk sac where primitive erythrocytes were clearly visible pooled in large cavernous endothelial lined spaces (the un-remodeled capillary plexus) within the mutant yolk sac. Interestingly, the lack of remodeling appeared to have no effect on the production of primitive and definitive hematopoietic progenitors in the yolk sac, though it did further influence the detection of definitive progenitor cells within the embryo proper (Adamo et al., 2009) . Whether these changes in vessel remodeling influence HSC development has not been directly tested in this model system, though diminishing blood flow in the zebrafish clearly impacts on production of HSC (North et al., 2009) .
Altering the interaction of circulating blood cells with their environment
Once hematopoietic progenitor cells have entered the circulation, they must home to specific environments within the embryo. Novel models have been characterized in an effort to explore how these cells interact with and are impacted by their environment. One such model involves a triple transgenic knockout of RAC1 in hematopoietic stem and progenitor cells (Ghiaur et al., 2006) . RAC1 is a member of the Rho GTPase family and is well known to mediate hematopoietic stem and progenitor interaction with
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were generated based on current knowledge of the role these molecules play in intracellular signaling and extracellular interactions. Interaction of these gene products with yet undiscovered molecules and pathways could lead to new interpretations of the data. Rescue experiments where a wild type phenotype is achieved by replacing the disrupted molecule would help support the causal link of the knockout with the resultant phenotype. Both models also lacked control over when and where the gene was inactivated leaving room for improvement with inducible inactivation models.
Tracking cells prior to the onset of circulation and seeing where they go
Hematopoietic progenitors do not arise in a static environment, but rather move dynamically through the complex anatomy of the developing circulatory system. Tracking where these cells begin and end their journeys is no simple task. One model for tracking progenitors involves the insertion of an inducible Cre recombinase in the locus of a gene thought to be specific to hematopoietic cells (in this case RUNX1/AML1) and crossing this mouse with a loxP reporter strain (Samokhvalov et al., 2007) . Only cells expressing RUNX1 at the time of exposure to tamoxifen were labeled giving temporal control over the labeling of cells. Labeling the cells at a time when RUNX1 expression is restricted to the yolk sac demonstrated that cells originating in this extraembryonic structure contribute to not only primitive and definitive hematopoietic lineages, but also to fetal lymphoid progenitors and adult hematopoietic stem cells. Furthermore, labeled cells from the day 7.5 yolk sac blood islands appeared in the endothelial lining of the umbilical vein and artery and the day 10. 5 dorsal aorta, and eventually the embryonic liver suggesting at least partial colonization of these sites by cells originating from the yolk sac. Another study utilizing a model system directly labeling all RUNX1/AML1 expressing cells with a LacZ reporter was used to demonstrate the emergence of presumptive hematopoietic stem cells in the large chorioallentoic vessels as well as in the placental mesenchyme. An analysis of the placenta of the Ncx1 -/-embryo mentioned previously demonstrated that while the number of CD41 + hematopoietic cells detected in the placenta was markedly diminished, explant culture of these cells resulted in the detection of both myeloid and lymphoid potential supporting the theory that the placenta may serve as a niche for HSCs and is possibly a site of HSC generation (Rhodes et al., 2008) .
While these tracking models certainly add important new insights into the emergence of hematopoietic progenitors, there are important limitations that must be considered when drawing conclusions from their results. Embryos with heterozygous expression of RUNX1 are well known to have significant temporal alterations in the emergence of hematopoietic progenitors (Cai et al., 2000) . Additionally, the tamoxifen inducible model relies heavily on the accurate staging of embryos at the time of injection and on the half-life of the drug to ensure that the correct cells are labeled. Further refinements of these models have recently been reported. Conditional deletion of RUNX1 has recently shed new light on the molecular mechanisms related to the transition of hemogenic endothelium to HSCs (Chen et al., 2009b) . Furthermore, lineage tracing studies of an inducible VE-cadherin Cre line have also yielded support for an endothelial origin of HSCs (Zovein et al., 2008) .
Summary
The study of the emergence of hematopoietic stem and progenitor cells has long been complicated by the fact that these cells develop in the dynamic environment of the circulatory system. Here, several novel investigative approaches have been discussed that provide new perspectives from which to view this long debated issue. We first looked at approaches that directly alter the onset or extent of the circulation in order to exclude the effects of the circulation on yolk sac hematopoietic progenitors. Other studies addressed the problem of the circulation by modifying the extent to which circulating blood cells interact with their environment, again demonstrating the emergence of blood elements in the yolk sac. A third viewpoint was provided by a series of experiments that mark pre-circulation cells and allow them to be tracked later in development. These studies have each added an important perspective to the study of early blood development allowing for the further refinement of our models of developmental hematopoiesis. Much work is still needed to continue the advancement of this field as many questions remain to be fully answered. Novel methods of investigation like those presented here will continue to play a pivotal role in efforts to unravel this complex system.
